We report on the passive coherent combining of up to 8 temporally and spatially separated ultrashort pulses amplified in a stretcherfree ytterbium-doped fiber system. An initial femtosecond pulse is split into 4 temporal replicas using divided-pulse amplification, and subsequently divided in two counter-propagating beams in a Sagnac interferometer containing a fiber amplifier. The spatio-temporal distribution of the peakpower inside the amplifier allows the generation of record 3.1 µJ and 50 fs pulses at 1 MHz of repetition rate with 52 MW of peak-power from a stretcher-free fiber amplifier and without additional nonlinear postcompression stages.
Introduction
During the last decade, ytterbium-doped fiber amplifiers have been established as efficient femtosecond laser sources. Indeed, their geometry provides good thermal management and high optical-to-optical efficiency, allowing the generation of high repetition rate pulse trains at high average powers with nearly diffraction-limited beams [1] . The main drawback of these systems comes from the high peak power arising inside the fiber core that induces nonlinear effects and limits the achievable output pulse compressibility, energy, and therefore, peak power.
In general, the first detrimental effect that one faces in ultrafast fiber amplifiers is selfphase modulation (SPM), which depends on the optical intensity inside the fiber core. In recent years, large mode area (LMA) Yb-doped fiber amplifiers in combination with chirped pulse amplification (CPA) have permitted to lower SPM effects and reach higher peakpowers while maintaining good temporal pulse quality [2, 3] . Unfortunately, LMA fibers have limited core sizes, as transverse multimode operation inevitably appears with increasing core diameters. Additionally, the amplified beam can experience self-focusing (SF) inside the fiber at around 4 MW peak power and lead to optical damage. This drawback is a fundamental limitation of fiber amplifiers, as it does not depend on the core size.
Recently, coherent beam combining (CBC) has been used in the femtosecond regime to overcome these peak power related issues. The principle is the following: a single seed source is spatially split into several independent beams that are amplified in parallel under similar conditions and recombined using free space optics. The coherent addition of N beams eventually allows obtaining N times the energy available with a single fiber amplifier without cumulating nonlinearities.
The first experiments in the femtosecond regime [4, 5] report on the CBC of two femtosecond fiber CPA in a Mach-Zehnder interferometer with an active stabilization of their relative phase, involving phase detection schemes and feedback electronics. A subsequent high-energy experiment using this principle demonstrated the generation of 5.4 GW peakpower at 3 mJ pulse energy [6] . Passive CBC experiments in the femtosecond regime have also been recently demonstrated, exhibiting high robustness to environmental perturbations, no control electronics, and the ability to reach the multi-GW level [7, 8] . This has been achieved using a Sagnac interferometer (SI) that allows two counter-propagating beams to share the exact same optical path and be self-phase-matched.
Another coherent combining idea, denoted as divided-pulse amplification (DPA), acts in the temporal domain to split and recombine the pulses. It has been used to amplify picosecond pulses as a convenient substitute to chirped-pulse amplification [9, 10] .
All femtosecond CBC experiments so far have been done with pulsewidths above 200 fs, because in quasi-linear CPA amplification regimes, the compressed pulsewidth is essentially determined by the seed pulse duration, the gain bandwidth available, and the gain narrowing effect. To overcome these limitations and generate shorter amplified pulses without nonlinear post-compression devices, stretcher-free architectures building upon the parabolic amplification regime [11] are possible, and take advantage of the combined action of SPM, dispersion, and gain in the amplifier to generate sub-100 fs pulses [12, 13] . So far, stretcherfree Yb-doped fiber amplifier performances have been limited by optical damage and SF to 1.25 µJ pulse energy and 16 MW output peak-powers [13] .
We demonstrate in this paper that passive coherent combining concepts, both in time (DPA) and space (SI), can be implemented together in a stretcher-free architecture in order to notably scale the energy and deliver 50 fs 3.1 µJ compressed pulses at 1 MHz repetition rate, exhibiting a peak power of 52 MW. These performances correspond to unprecedented operation of a fiber amplifier in the stretcher-free amplification regime. They also demonstrate that passive coherent combining both in the spatial and temporal domains is compatible with broadband spectra supporting sub-100 fs pulses, and B-integrals exceeding 20 rad.
Efficient spatio-temporal splitting and combining
In our experiment, the SI is made of a single fiber amplifier and a polarizing beam splitter that spatially divides and recombines two cross-polarized beams ( Fig. 1 top) . The seed is polarized at 45° so that it is equally distributed inside the interferometer. Furthermore, since our gain medium is polarization-dependent, a half-wave plate is inserted inside the loop to use the amplifier along the correct polarization for both counter-propagating beams. In such conditions, the Jones matrix of the SI is equivalent to a half-wave plate with neutral axes oriented at 45°, resulting in an output beam that exits through the seed path with unchanged polarization state. An optical isolator is inserted to extract it. DPA consists in splitting and recombining ultrashort pulses in the temporal domain, thereby allowing a decrease of the optical peak power inside the amplifier. This can be achieved by using N consecutive highly birefringent crystals with increasing lengths and with their optical axes successively rotated by 45° [9] (Fig. 1 bottom) . Each crystal divides a single pulse into two delayed cross-polarized replicas corresponding to the ordinary and extraordinary waves. The shortest crystal must generate a group-delay greater than the maximum pulse duration in the system to prevent interferences between the replicas. Then each additional crystal must have its length at least doubled in order to prevent any overlap between the duplicated patterns. Overall, a single seed pulse is split into 2 N time-delayed replicas with same power that are equally distributed into two cross polarizations. This usually forces the use of a polarization-insensitive amplifier. When a double-pass amplification configuration is used, the 2 N output pulses exit the amplifier through the seed path and go through the same crystals sequence but in the opposite direction. A Faraday rotator, inserted just before or inside the amplifier, allows all polarization of the amplified beam to be rotated by 90° with respect to the input beam, allowing all temporal replicas to experience the same total delay. This ensures an efficient temporal recombination. The final unique output pulse is cross-polarized with respect to the original seed pulse and can therefore be extracted with a polarizer. The SI and DPA architectures can be implemented together provided that all the time delayed replicas generated from the DPA are spatially split into the SI (Fig. 2 top) . The timedelayed replicas created by the birefringent crystals are crossed-polarized. Thus, each replica can be separated into two counter-propagating beams into the SI if their input polarization states are oriented at 45° and 45° respectively. In this configuration, the SI geometry allows the use of DPA with polarization-dependent amplifiers, which is not achievable in a standard double-pass amplification configuration. Figure 2 (top) shows the evolution of the polarization states of the replicas created at the last DPA stage through the system if the architectures shown in Fig. 1 are simply concatenated. The forward and backward propagation directions on the way in and out of the SI are separated to facilitate the reading. Since the SI behaves as a half-wave plate with neutral axes oriented at 45°, it introduces a phase shift of  between both input polarizations. On the way backward through the DPA crystals, the first temporal recombination step is carried out correctly, but results in a polarization state equal to the polarization state at the same point on the way forward. From this point on, the patterns accumulate delays instead of compensating them and temporal recombination is thus not possible.
To solve this issue, a quarter-wave plate with axes at 45° is inserted before the SI so that, together, they act as a neutral element for the polarization state and have no incidence on the replicas relative phase. The polarization in the system then follows the evolution shown in Fig. 2 (bottom) . After complete temporal recombination, an optical isolator allows to extract the final pulse. Overall, 2 × 2 N spatio-temporal replicas are generated, thereby reducing the peak-power inside the fiber amplifier by the same factor. In our experiments, we create up to 8 sub-pulses with the SI and two temporal division steps. 
Stretcher-free amplification and experimental results
The experimental setup is depicted in Fig. 3 . It starts with an Yb 3+ :KYW air-cooled commercially available oscillator (Mikan, Amplitude Systemes) delivering Fourier transformlimited sech-squared 200 fs pulses with 5 nm spectral bandwidth centered at 1030 nm. The repetition rate of the seed is 35 MHz and can be down-countered to 1 MHz by means of an acousto-optic modulator. The 35 MHz or 1 MHz pulse train is sent through two highlybirefringent YVO 4 crystals of 5 mm and 10 mm length that introduce group delays of 3.9 ps and 7.8 ps respectively. Half-wave plates precede both crystals in order to control the number of temporal divisions. This allows us to generate 1, 2 or 4 temporal replicas, corresponding to 0, 1 or 2 temporal divisions respectively. The beam then goes through a Faraday rotator (FR), a quarter-wave plate (QWP) properly oriented, and is equally divided inside the SI with the help of a half-wave plate. The interferometer includes a 2-m polarizing double-clad 40/200 µm Yb-doped fiber amplifier, which is pumped at both ends. The three devices together (FR + QWP + SI) allow the amplified beam going back toward the birefringent crystals to be rotated by 90° with respect to the input beam. This ensures both in-phase temporal recombination through the vanadate crystals and extraction of the final recombined output pulse with an optical isolator. The DPA implementation involving birefringent crystals is only adapted to pulses in the picosecond range and below, because the group delays introduced by cm-length crystals are of the order of ~10 ps. In this experiment involving a stretcher-free architecture and a short fiber amplifier length, the interplay between SPM, dispersion, and gain results in an output pulsewidth that remains below 2 ps. The crystal-based DPA implementation is therefore wellsuited to this amplification regime.
After extraction of the amplified beam by the isolator, it is directed toward a single-pass 1250 l/mm grating compressor adapted to compensate small chirp quantities. The single-pass compressor geometry induces a residual spatial-chirp of 200 µm which can be considered negligible compared to the spot size of 4 mm and has low influence on the final diagnostics [12, 13] . In this configuration the compressor efficiency is 89%. The combining efficiency is defined as the power extracted out of the seed path towards the compressor divided by the total power delivered by the amplifier, and is measured using both isolator ports. All the optical devices are chosen to handle large spectral width, in particular zero-order wave plates and broadband polarizing beam-splitters are used.
To ensure that the SI geometry can be used successfully at high nonlinearity levels with broadband spectra, we first operate without creating any temporal replicas. Indeed, in stretcher-free architectures where high nonlinearity levels are reached, the spectral shape and phase of the output pulses rapidly evolve with the injection conditions and pump powers. Differences in spectral contents for the two counter-propagating beams result in a decrease of the coherent combining efficiency. In addition, relative phase offsets between the two channels disturb the final polarization state coming out of the SI and prevent the amplified beam to be efficiently extracted through the optical isolator. Furthermore, if the DPA is activated, the temporal recombination is also affected by the non-perfect amplified polarization state, which further decreases the final peak-power. Thus, the SI needs to be very carefully adjusted and balanced and should exhibit the highest possible combining efficiencies before the DPA is activated.
In our experiments, temporal splitting and combining are easily performed efficiently. Indeed, because the pulse energy inside the amplifier is well below the saturation energy, temporally delayed replicas always see the same population inversion, are therefore identically amplified and exit with the same output spectral shape and phase, ensuring high efficiency for temporal recombination. The only constraint added by DPA is the need for temporally splitting the seed pulse into replicas of exact same power, which is easily achieved in our case. It has thus little influence on the combining efficiency if the SI is well-balanced. The setup is first operated at constant 200 nJ output compressed pulse energy, corresponding to 7 W average power at 35 MHz repetition rate. Figure 4 shows the output spectra and autocorrelations corresponding to an increasing number of spatial and temporal divisions. When seeding the fiber amplifier in a standard one-way amplification scheme, performed by coupling the whole seed power inside one interferometer arm only, the output spectrum is very broad, covering a wavelength range from 1010 nm to 1080 nm. Using the Sagnac geometry, the output spectral bandwidth is decreased compared to the single-pass configuration, demonstrating that the spatial division in the SI induces weaker SPM effects. After careful alignment, the SI exhibits a combining efficiency of 96%, which demonstrates its compatibility for wide spectral contents and high nonlinearity levels. As the DPA stages are activated, creating successively 2 and 4 replicas, further spectral narrowing is observed as expected, while the SI combining efficiency remains over 95%.
The autocorrelation trace of the output beam at 200 nJ energy with 4 temporal divisions is shown with a large temporal window in Fig. 5 (left, black curve). Parasitic side pulses besides the main recombined pulse are barely observable, showing that the temporal recombination is almost perfect. Their overall contribution to the total energy is estimated to be less than 1%.
Finally, the setup is operated to deliver the highest possible peak-power before compression issues arise due to the accumulation of higher order spectral phase. The amplified pulse duration before compression is 1.7 ps at this energy level. With all temporal and spatial divisions activated, i.e. with 4 temporal replicas giving rise to 8 sub-pulses in the SI, 3.1 µJ pulse energy after compression is obtained at 1 MHz repetition rate. The SI combination efficiency is 89% and the B-integral is estimated to be 20 rad. At this pulse energy, it is not possible to align the SI alone since without temporal splitting, the peak-power inside the fiber would by far exceed the 4 MW SF threshold and damage the fiber. Among the 89% extracted energy, parasitic side pulses appear with non-negligible contribution, as shown in Fig. 5 (left) . Indeed, at this nonlinearity level, the efficiency of the SI is much more sensitive to alignment, as it strongly depends on the injection quality and pumping conditions. It is thus experimentally challenging to reach a perfect balance in the SI, and small phase offsets appear between the two counter-propagating beams. This leads to a rotation of the spatially recombined beam polarization state. In turns, the non-ideal polarization state imparts an imperfect temporal recombination, creating small side pulses. We estimate that all the side pulses together contain 11% of the spatially combined energy. Overall, the spatio-temporal combination efficiency is 80% for the main central pulse. Since the system stability is mostly influenced by spatial aspects, we expect that a thorough opto-mechanical design of the system will result in an improvement of the overall stability at high energy level. The output pulses are characterized with a single-shot frequency-resolved optical gating (FROG) system, an independent autocorrelator, and a spectrometer. The retrieved intensity profile in the time domain is shown in Fig. 6 (left) . It exhibits a pulse duration of 50 fs with a FROG error of 38.10 4 on a 512 × 512 grid. The independently measured autocorrelation trace shown in Fig. 5 (right) is in good agreement with the FROG-retrieved temporal profile. Taking into account that 80% of the overall output energy is in the main pulse, and the retrieved pulse shape, the peak power is calculated to be 52 MW. This represents a > 3-fold improvement in terms of achieved peak power despite using a gain medium having a mode field area almost 6 times smaller compared to the rod-type fiber previously used in [13] . The spectrum recorded at maximum energy is shown in Fig. 6 (right) , and extends over 80 nm, with residual fringes due to the imperfect temporal recombination, and a characteristic peak 
Conclusion
In conclusion, we have demonstrated that passive coherent beam combining can be used in a stretcher-free amplifier architecture to generate sub-100 fs pulses with high nonlinearity and broadband spectra, and can be scaled further by combining it with a temporal coherent combining concept. This work presents to our knowledge the shortest pulses ever obtained with a passive coherent combining scheme. A peak-power of 52 MW is obtained with a pulse duration of 50 fs which represent a > 3-fold improvement over the previously published stateof-the-art for such systems. We are convinced that this setup could be easily scaled in energy to reach output peak-powers of several hundreds of MW. Divided-pulse amplification has been demonstrated in the picosecond regime with five YVO 4 crystals [9] , so that a factor-of-8 enhancement compared to these results is directly expected with a similar gain medium. Further scaling could also be expected from the use of larger core rod-type photonic crystal fibers. Such a simple fiber source that combines large peak power and very short pulse duration at high average power could be an ideal starting point for secondary radiations sources in the EUV using high-harmonic generation.
